Medical imaging is a dynamic area of research and the elaboration of more efficient contrast agents (CAs) constitutes a major objective. Those agents need to be improved to optimize the detection of affected tissues while decreasing the injected quantity of agents. Magnetic Resonance Imaging (MRI) has been recognized as one of the most applied medical imaging technique in clinical practice. However, the presence of background signal coming from water protons in surrounding tissues makes the visualization of local contrast agents difficult. Fluorine was then introduced as a reliable perspective thanks to its magnetic properties relatively close to those of protons. In this review, we aim to give an overall description of fluorine incorporation in contrast agents for magnetic resonance imaging. 
Introduction

Article Body Template
Over decades, medical imaging has become an expanding field since the X-rays discovery by Wilhelm Röntgen in 1895. Those techniques enable to visualize inside the human body without the use of surgery. It is then possible to establish diagnosis but also to follow or treat some pathologies and diseases like atherosclerosis [1]- [5] , cardiovascular or heart diseases [6] - [11] , Alzheimer disease [12] - [16] , tumors and cancers [17] - [20] , etc. thanks to tissue three-dimensional reconstitutions or organ evolution monitoring through time.
The obtained information can then be treated to learn more either on the organ morphology or on its metabolism and functioning. Structural/anatomical imaging such as computed tomography (CT), magnetic resonance imaging (MRI) or ultrasound (US) are characterized by a relatively high spatial resolution but also by an overall lack of sensitivity. Functional imaging, such as optical imaging (OI), positron-emission tomography (PET) and single-photon-emission tomography (SPECT), are distinguished by a good detection of molecular and cellular changes of diseases but a poor spatial resolution.
Multimodal imaging [6] , [21] - [25] is a relatively new technique able to provide more accurate diagnosis thanks to the combination of the different imaging techniques strengths meanwhile excluding their weaknesses. It is then possible to associate a poor spatial resolution technique such as SPECT or OI with a high spatial resolution but less sensitive one like MRI or CT scan.
Modality
Spatial resolution Depth Advantages Inconvenient CT Conventional magnetic resonance techniques are based on the signal detection from mobile protons of water molecules. The image contrast depends on the protons concentration in the tissues and on their longitudinal and transversal relaxation times T 1 and T 2 . Those tissues relaxation times can be modified by the use of contrast agents (CAs) [22] able to decrease either the longitudinal relaxation time -usually paramagnetic gadolinium (Gd 3+ ) complexes generating a positive contrast, or the transversal relaxation time -superparamagnetic CAs also known as negative CAs, mostly iron oxide nanoparticles. The image Article Body Template contrast between targeted tissues and background signal is thus enhanced which allows to provide further information about tissues morphology and physiological processes.
Most of the clinically available MRI CAs are based on gadolinium ion (Gd 3+ ) because of its paramagnetic properties provided by its seven unpaired electrons, its long electronic relaxation time (around 10 -9 s)
and its large magnetic moment (7,9 BM) [23] , [26] - [28] . Nevertheless, Gd 3+ has a high toxicity for the tissues in its free state. Indeed, gadolinium ionic radius (~1.08 Å) can be compared to calcium ionic radius (~1.14 Å) so that Gd 3+ can replace calcium ions in the tissues. To counter that toxicity and avoid its release in the tissues, gadolinium must form stable complexes with organic ligands to be carried out through the renal system and then be excreted. Gadolinium-based contrast agents (GBCAs) can be divided into 2 different classes regarding their chemical structure: linear and macrocyclic ligands. Those classes are distinguished by their thermodynamic and kinetic inertness [29] and their tendency to release gadolinium in vivo leading to nephrogenic systemic fibrosis (NSF), a rare and serious disease that causes severe fibrosis of skin and internal organs [30] . Whereas macrocyclic GBCAs form a rigid cage with a preorganized cavity for the gadolinium ion as established by J.M Lehn [31] 
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One major drawback for the analysis of MRI images is the nonlinear relation between SI and CAs concentration coming from the magnetic inhomogeneities, but also from their indirect detection via their effect on water protons relaxation times. Another important drawback is the presence of the background signal resulting from water protons in the surrounding tissues. It is thus sometimes difficult
to visualize the precise localization of the GBCAs. Recent alternatives have been formulated such as the use of heteronuclei to counter these complications. In this review, we will focus on the fluorine nucleus incorporation in MRI probes for their use in 19 F MRI.
Fluorine in medical imaging
Fluorine-19 was first isolated by Professor Henri Moissan in 1886 for which he received, in 1906, the Nobel Prize in chemistry. It is well-known that carbon-fluorine bond is one of the strongest single bond in organic chemistry [44] - [46] resulting from the high electronegativity of fluorine atom, leading to highly polarized C-F bond in which the electron density is shifted towards fluorine.
The fluorine-19 ( 19 F) nucleus is characterized by a natural abundance of 100 %, a nuclear spin I = ½ and a large chemical shift range (> 300 ppm). 19 F is the only natural stable fluorine isotope and its NMR sensitivity is of 83.4 % compared to the proton sensitivity. Its gyromagnetic ratio of 40.08 MHzT -1 is slightly lower than that of 1 H. Fluorine has 7 outer-shell electrons leading to strong chemical shift effects [47] . Compared to the 1 H nucleus, fluorine MRI signal-to-noise ratio (SNR) is of about 89 % which makes it a good alternative to proton MRI.
Physiological concentrations of fluorine atoms are below the detection limit of magnetic resonance technique. Moreover, fluorine is also present at higher concentrations in bones and teeth but in solid [52] . As PFCs contain numerous fluorine atoms, they allow to enhance the SNR, decreasing the scanning time for high-resolution images acquisition [53] .
In perfluorocarbonated nanoemulsions, liquids PFC cores, corresponding to 98% of the total nanoparticle volume, are encapsulated in a lipid monolayer able to be functionalized to contain different imaging or therapeutic agents. PFCs (figure 3) are incorporated into the lipid monolayer core while targeting agents and other payloads can be linked to the particles surface, inserted in the core or in the lipid membrane layer [54] (figure 3). 
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As reported in the literature by Nieuwoudt et al. [58] and Krafft et al. [59] , PFC-loaded nanoparticles half-life in the blood and the RES depends on their size and coating properties. It is ranged from 3 days to more than 60 days depending on species and PFC compounds.
Fluorinated nanoparticles (silica, gold)
The association of inorganic nanoparticles and fluorinated ligands turned out to be an innovative approach in 19 F MR imaging providing several advantages such as the facility to introduce additional functionalities for dual or molecular imaging and the diminution of the systems size compared to the nanoemulsions. Boccalon et al. [60] have reported the synthesis of a dual fluorescence/ 19 F MRI probe composed of fluorinated amphiphilic ligands, protecting gold nanoparticles, to which several ligand-dyes Bouchoucha et al. [62] have also reported fluorinated silica mesoporous nanoparticles able to be used as theranostic materials for dual MR imaging. Those mesoporous nanoparticles contain pores with diameters ranging from 2 to 50 nm, where drugs can be encapsulated. They can thus behave as drug delivery agents.
Fluorinated dendrimers
Dendrimers are organized tree-like molecules with nanometer-scale dimensions. They are usually spherical and constituted of a central core from which symmetrical branches (dendrons) are leaving. In 
Paramagnetic fluorinated probes Introduction
Among the numerous advantages of fluorine use in medical field, its long T 1 (ranging from 0.5 to 3 s for small diamagnetic compounds) has been so far, a critical limiting factor for the small fluorinated CAs because of the necessity to wait long repetition times and scan times. Scientists have solved this problem by combining paramagnetic or superparamagnetic agents to fluorinated probes. Their ability to enhance relaxation rates of nearby nuclei shortens the T 1 relaxation times of 19 F nuclei leading to record more scans within a timeframe and consequently to a better SNR. However, relaxing agents can also induce a T 2 decrease which can lead, in some cases, to a severe line broadening and absence of significant signal [49] , [71] , [72] .
Paramagnetic PFC
Neubauer et al. [73] have reported gadolinium grafting to the outer surface of PFC nanoemulsion droplets leading to a decrease of T 1 when the nanoparticles were targeted to fibrin clots in vitro.
However, distance lengthening between fluorine atoms and paramagnetic center restrains the relaxation rate enhancement. An alternative to this problem could be the introduction of paramagnetic metal ions as payloads into the nanoemulsion droplets to attain short spin-lattice relaxation time (T 1 ) and enhance targeted MR molecular imaging. 
Lanthanide-based fluorinated contrast agents
In 1 H MRI, paramagnetic chelates tend to be more appreciated than superparamagnetic compounds thanks to their ability to highlight the contrast of the accumulation zones. Fluorinated probes for in vivo Schmid et al. [78] have presented two concepts of paramagnetic relaxation enhancement (PRE) to increase relaxation rates. The first PRE studied is the intermolecular interaction between paramagnetic ion (gadolinium or lanthanide ion) and fluorine atoms. The second is the intramolecular PRE by interaction between lanthanide ion and fluorine within a single molecule. They were able to show a significative increase (factor 27) in the 19 F SNR for intramolecular PRE and the best results were achieved on agents containing gadolinium or dysprosium.
In 2010, Chalmers et al. [79] have reported the design and synthesis of paramagnetic fluorine-labelled lanthanide complexes as probes for 19 F MR imaging. Those dual-functional probes were composed of a macrocyclic complex of lanthanide (III) ion and a fluorinated group carefully positioned between 5 to 7 Å from the paramagnetic center. The effect of several paramagnetic ions (Tm, Er, Ho and Tb) was evaluated and an enhancement of the longitudinal relaxation rates was observed allowing faster acquisitions of data in a given time lapse and thus a signal intensity enhancement in hybrid 1 H/ 19 F MRI.
De Luca et al. [80] have studied in 2014 a new type of fluorinated probe composed of numerous fluorine atoms, CF 3 groups, linked to lanthanide (Tb, Dy, Ho) complexes and a biocompatible vector, chitosan.
They have engineered medium molecular weighted molecules in which fluorine atoms are between 6 and 6.5 Å away from the paramagnetic center. This material do not have tendency to clear rapidly from 
Applications in medical imaging
Chemical exchange saturation transfer (CEST) agents
Chemical exchange saturation transfer (CEST) is a powerful sensitivity enhancement mechanism in which it is possible to visualize low concentration of solutes through water signal [82] . This approach is based on the selective saturation of exchangeable protons of endogenous or exogenous molecules by using a specific radiofrequency (RF) pulse. Once solutes protons are saturated, they transfer their saturation to protons of the bulk water, resulting in a decrease of the water signal.
It has been reported by Schmieder et al. [83] that fluorine-rich PFC nanoparticles can be used as a quantitative reference to normalize and characterize CEST but also multi-ion chemical exchange saturation transfer (miCEST) [84] . It is then possible to use a RF pulse to saturate the "new" peak from the metal ion-bound chelators and detect the saturation transfer to the "free" chelators. In fact, metal ions are involved in a lot of biological processes which are intensively studied by scientists. The monitoring of their presence or their local concentration quantification turned out to be significant for their understanding. Peng et al. [86] have developed new 19 F CEST imaging probes and have applied them to sensitively and selectively detect metal ions. Compared to the known fluorinated metal ion chelators, theses probes were characterized by a strong and singlet 19 F NMR peak, are conveniently prepared on gram scales from commercially available chelators and are not sensitive to their environment such as differences of pH and temperature.
Smart 19 F -containing contrast agents Fluorinated enzymes-responsive agents
Mizukami et al. [87] , [88] have developed new 19 F MRI probes (figure 5) able to detect the caspase-3 protease activity, hallmark of apoptosis mechanisms [89] . Their studies are based on the PRE effect to probes for the detection of caspase 3/7 or legumain activity in zebrafish. Akazawa et al. [57] have also reported the enzyme-responsive character of their probe relying on the "OFF"/"ON" switching strategy to detect caspase activity. 
Fluorinated redox-responsive agents
Fluorinated pH-responsive agents
It is well known that tumoral tissues differ from normal tissues in terms of pH. While the physiological pH is 7.4, the extracellular tumor environments is around pH 6.5. This difference allows then to target diseased tissues for diagnosis or drug delivery.
Oishi et al. [93] have developed a pH-sensitive PEGylated nanogel loaded with fluorinated molecules showing a significant 19 F MR signal despite the low fluorine concentration, phenomenon in response to the extracellular pH of tumor environments. More recently, Wang et al. [94] reported the synthesis of pH-responsive star polymer nanoparticles as potential 19 F MRI contrast agents in the diagnosis of cancer tissues. The three-dimensional branched structure, also known as star structure, allows the fluorine to be distant enough to maintain high molecular mobility, generating a strong 19 F MRI signal. Moreover, star polymers enable a lot of post-modifications thanks to the numerous functional groups. This probe was able to change the 19 F MRI image intensity from alkaline to acidic medium (from pH 9 to 4). In the 19 F NMR spectra, they demonstrated the constant intensity and width of the fluorine peaks when pH is below 7.4 while above this pH, the same peak appears broader and less intense. This difference in behavior demonstrates the potential of fluorinated star polymers as CAs.
Fluorinated thermo-responsive agents
Another difference between tumoral and healthy tissues is their temperature. Indeed, tumor tissues have higher temperatures because of their higher activity and energy requirements [95] . It has been accepted that tumoral tissues have a global temperature of 42°C compared to 37°C for healthy tissues. Article Body Template a fluorinated thermo-responsive (PDFEA) block which can control the process of nanoparticle selfassembling upon its heating in aqueous solution. At body temperature, nanoparticles combine together and form a nanosized system while the system remain soluble as unimers at room temperature. They described for the first time self-assembled thermo-responsive polymer nanogels appropriated for 19 F MRI.
Drug Delivery
One of the major research field in medical chemistry is the ability to deliver drugs to diseased tissues without being spread on the entire body. This process is called "drug delivery" and relies on limiting the side effects of drugs by their encapsulation in nanocarriers such as micelles, liposomes, lipids monolayers, etc. [98] . Those liposome or micelle-based drug-delivery systems are principally based on the self-assembly of amphiphilic molecules allowing the encapsulation, the stabilization and the delivery of drugs in the appropriate tissues [65] .
In tumor treatment, chemotherapy drugs, highly cytotoxic, are administrated to patients to kill cancer cells. However, it appears that those chemical drugs are not specific enough, attack normal cells and provoke serious side effects. Therefore, tumor-targeted drug-delivery systems have been developed to selectively deliver cytotoxic drugs to cancer cells exploiting the intrinsic physiological and biochemical properties of those cells [99] . Those delivery carriers are based on a "smart" linker which is stable during blood circulation but cleaved to release drugs as soon as it is in the tumor environment. 
Cell tracking
Cell tracking turns out to be an interesting tool for the cellular therapy research domain where the objective is to stimulate the immune system in order to provoke an immune response and regenerate damaged tissues using stem cells [102] .
As an alternative to iron oxide nanoparticles usually used, cyclic PFCE and linear PFPE can be employed to improve SNR as well as detectability in cell tracking field.
In 2005, Eric T Ahrens et al. [103] were one of the first to report MRI technology for in vivo cell tracking using a PFC tracer agent. Unlike methods based on metal-ion CAs, this cell tracking technique based on Kaneda et al. [54] have described a fluorine nanoparticles MR molecular imaging procedure by employing a preparation of PFCE nanoparticles to charge dendritic immune cells without loss of viability.
They also demonstrated the possibility to track cells at high magnetic field (11.7 T) after local and systemic injection of fluorine agents leading to the signal detection from the targeted cells. In 2010,
Helfer et al. [104] have reported the ability to image PFPE-labeled human dendritic cells once injected without background from the host, making the interpretation easier when 19 F images are superimposed with conventional 1 H images.
Ahrens et al. [105] , [106] have developed, few years later, PFC nanoemulsions for detection of immunetherapeutic dendritic cells delivered to colorectal adenocarcinoma patients. This PFC tracer agent has undergone phase I clinical trial for 19 F MRI cell tracking applications proving their efficacity in medical applications. In 2015, Gaudet et al. [107] have demonstrated the ability to use 19 F MRI cell tracking to detect and measure the number of transplanted stem cells with excellent correlation to in vivo quantification using Voxel Tracker software as previously reported by Srinivas et al. [108] .
Several studies have confirmed that 19 F MRI could be an appropriated method to track macrophages in a large scale of diseases such as arthritis [109] , cancer [110] , [111] , pulmonary inflammation [112] , cardiovascular inflammation [113] , [114] or transplantation rejection [115] - [117] .
In 2017, Huyn Shin et al. [118] were the first to develop a 19 F MRI and 18 F-FDG-PET bimodal probe able to provide complementary information to comprehensively monitor the tumor microenvironment. They 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The same year, Makela et al. [119] have evaluated and compared iron-based and fluorine-based MRI techniques to image TAMs in a breast cancer model. The outcomes of this study were the same spatial distributions of TAMs but also an underestimated cell density of TAMs for 19 F-based probes relying on its detection sensitivity which is much lower compared to iron oxides particles.
Several groups, Khurana et al. [120] , Makela et al. [121] and Huyn Shin et al. [122] , have also reported 19 F-based MRI cell tracking by using in vivo PFC-labelled nanoparticles to detect, quantify and track TAMs inside murine orthotopic breast cancer tumors and its associated metastasis or in mouse model of head and neck squamous cells carcinoma.
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Inflammation visualization
Inflammation processes are involved in a lot of diseases and are characterized by the accumulation of neutrophil granulocytes (nonspecific leukocytes) and monocytes (dendritic cells or macrophages) in the inflamed area. As the evolution of the inflammation is decisive for healing processes, it is important to monitor the inflammation response. For that, it is essential to track the previously cited implicated cells by labelling them with a contrast agent [126] . After being injected, fluorinated probes (usually PFC nanoemulsions) can be adducted by the circulating monocytes and carried out to inflammation sites where they are visualized by 19 F MRI.
In 2014, Jacoby et al. [127] have published their work on the in vivo visualization of inflammation using 3 different PFC molecules (PFOB, PFD, F44E) as alternative to PFCE which is associated with deposition in liver and spleen even after months. In their study, they have demonstrated that PFOB tends to be the best choice but can not compete entirely with PFCE. Indeed, its half-life is about 12 days compared to 250 for PFCE but its relative sensitivity does not exceed 37 %. Those results were confirmed by Colotti et al. [128] in their comparison study on the three commonly used PFC emulsions: PFPE, PFCE and PFOB. 
Article Body Template
PFPE was characterized by the shortest T 1 value but no information was given on its clearance rate, whereas PFCE was characterized by the highest R 2 /R 1 ratio but remains in spleen and liver for a long time after injection. PFOB, as previously said, is the best-suited candidate for inflammation imaging because of its fast elimination rate.
In 2015, van Heeswijk et al. [129] reported a proof-of-principle study on the use of PFCs to visualize the inflammation in atherosclerotic plaques.
Tumor detection -tumor ablation
Moyer et al. [130] , [131] and Hyun Shin et al. [132] have demonstrated the ability of PFCE to guide high intensity focused ultrasound (HIFU) ablation of tumors by tracking PFC nanoemulsions accumulation zone in a visible and quantifiable way as an alternative of PFC gases microbubbles. Indeed, although microbubbles could enhance HIFU ablation of tumors, they also generate unforeseen prefocal thermal delivery and skin burns. The PFCs nanodroplets turn out to be an option of choice to avoid those inconvenience.
Wu et al. [133] should also be developed more thoroughly way since the fluorine signal can be registered with a good sensibility in a relatively short acquisition time. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  Table Legends:   Table 1 : summary of most common used imaging techniques in clinical field [23] , [25]  References:
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